The production of elements by rapid neutron capture (r-process) in neutron-star mergers is expected theoretically and is supported by multimessenger observations 1-3 of gravitational-wave event GW170817: this production route is in principle sufficient to account for most of the r-process elements in the Universe 4 . Analysis of the kilonova that accompanied GW170817 identified 5,6 delayed outflows from a remnant accretion disk formed around the newly born black hole 7-10 as the dominant source of heavy r-process material from that event 9, 11 . Similar accretion disks are expected to form in collapsars (the supernova-triggering collapse of rapidly rotating massive stars), which have previously been speculated to produce r-process elements 12, 13 . Recent observations of stars rich in such elements in the dwarf galaxy Reticulum II
), we find that the wind ejecta are neutron-rich and robustly synthesize both light and heavy r-process nuclei, extending up to the third abundance peak at atomic mass number A ≈ 195 (Figs. 1, 2; see Methods). Previous studies of collapsar accretion disks did not find the synthesis of such nuclei in disk outflows, either because simulations assumed equal number of protons and neutrons 12 instead of self-consistently evolving the proton fraction under charged-current weak interactions, or because parametrized models assumed the disk winds to be entirely neutrino-driven, in which case outflowing matter absorbed many electron neutrinos generated from the disk and experienced high rates of positron captures 17, 18 (see Methods).
Although the infalling progenitor star is composed of approximately equal numbers of neutrons and protons, matter is driven once in the disk midplane to a neutron-rich state (proton fraction . 0 5) by electron capture reactions on protons. (The proton fraction is defined as the ratio in number densities of protons to all baryons-protons and neutrons-and, for historical reasons, is referred to as the electron fraction, Y e .) For sufficiently high accretion rates (see Methods), neutrino cooling regulates the electron chemical potential μ e in the midplane to a mildly degenerate state (η = μ e /(k B T) ≈ 1, where k B is the Boltzmann constant and T is the temperature ; Fig. 1 ); this electron degeneracy suppresses positron creation and thus reduces the opposing rate of positron captures on neutrons 19 . The large midplane neutron excess is preserved in the disk outflows, which expand to large radii sufficiently rapidly to avoid substantial neutron destruction by electron neutrinos. Neutrinos will have a much more pronounced effect during earlier phases following collapse, while the hot proto-neutron star is still present before black hole formation 20, 21 ; however, only a small fraction of the total accreted mass, and thus of the wind ejecta, occurs during this phase.
Given their broadly similar physical conditions, it is reasonable to expect that the fraction of initially inflowing mass that becomes unbound from the inner region of collapsar disks is similar to that in neutron-star mergers. However, the total accreted mass in collapsars is typically about 30 times larger than in mergers, as expected on theoretical grounds and supported empirically by the similarly larger observed jet energies of long GRBs compared to short GRBs 22 (the isotropic γ-ray luminosities of the burst classes are comparable). The disk wind ejecta of approximately 0.03M  −0.06M  inferred from the GW170817 kilonova then translates into an average collapsar r-process yield of up to about 1M  (see Methods). We reach a similar conclusion by comparing a toy model for the mass accreted at different rates during the collapsar evolution to the range of accretion rates our disk simulations show give rise to r-process ejecta (see Methods). The collapsar and neutron-star merger scenarios differ in that the collapsar disk outflows encounter ram pressure from infalling material of the stellar envelope; however, simple analytic arguments as well as previous simulations 12 show that under typical conditions these outflows are powerful enough to escape (see Methods). The larger outflow yield per collapsar is more than sufficient to make up for their lower cosmically averaged rate as compared to neutron-star mergers, thus implicating collapsars as the dominant site of the second-and third-peak r-process in our Galaxy and Solar System (see Methods) .
Observational signatures of the r-process in collapsars should be present in their accompanying supernovae. The luminosities of GRB supernovae are powered by the large quantity (0.2M  −0.5M  ) of radioactive nickel ( 56 Ni), synthesized mainly during the initial explosion itself. A moderate quantity of about 10 −3 M  −0.1M  of 56 Ni can be generated from the collapsar disk winds at late times, but only once the accretion rate drops below the r-process threshold, <10 −3 M  s −1 (see Methods). Near peak supernova light, the radioactive heating rate of 56 Ni greatly exceeds that of r-process nuclei, making it possible to 'hide' the latter in GRB supernova light curves and spectra, depending on how efficiently the r-process products are mixed outwards into the high-velocity layers of the explosion ( Fig. 3 ; see Methods). The presence of high-opacity lanthanide elements 23 deeper within the ejecta could nevertheless be visible as excess near-infrared (NIR) emission Letter reSeArCH at late times (Fig. 3) . Although such an excess may, in principle, be degenerate with other effects, the presence of r-process elements may be revealed in combination with NIR spectra and future observations of neutron-star mergers. Once the unique late NIR signatures of r-process elements are pinned down empirically by observations of future neutron-star mergers ('pure' r-process sources)-for example, by the James Webb Space Telescope-similar (but narrower, owing to the lower ejecta velocity) line features could be sought in late-time spectra of GRB supernovae. Indeed, the early-time 'MHD supernova' phase of the explosion 24 is probably already ruled out as a heavy r-process site; unlike in the delayed disk wind scenario described here, high-opacity r-process material generated during the explosion phase would necessarily be mixed to high velocities with the 56 Ni in a way that would be incompatible with present observations of GRB supernovae (Fig. 3) .
Collapsars as the dominant sources of the Galactic r-process help alleviate several of the observational challenges for neutron-star merger models. It remains a long-standing question whether the average delay required for binary neutron stars to coalesce after star formation is sufficiently short to explain the high r-process abundances in metal-poor halo stars, that is, those polluted by just a few generations of stars. Though this tension may be relieved by more consistent Galactic chemical evolution histories that account for cosmic structure growth 25, 26 , or considering alternative formation channels at high redshift 27 , the issue remains unsettled. Collapsars, by contrast, occur primarily in low-metallicity environments 28 and thus would be over-represented among the first generations of stars, providing a natural explanation for the observed carbon-enhanced metal-poor stars with high r-process enrichment 29 . The most direct current evidence for a single r-process event comes from the ultra-faint dwarf galaxy Reticulum II, which was polluted early in its history by a rare, high-yield source 14 . Though a neutronstar merger indeed provides a high r-process yield, the supernova explosions giving birth to the two neutron stars would need to impart , vertical dashed line, is apparent (see Methods). Uncertainties in the nucleosynthetic yields show the range of values obtained by using two different treatments of neutrino emission (see Methods). Uncertainties in the accretion rate are bracketed by the range of values attained during the simulation period used to monitor the accretion rate (see Methods; Extended Data Fig. 3 ).
Letter reSeArCH them with small natal kicks 30 in order to retain the binary in such a tiny host galaxy; the merger delay time would also need to be sufficiently short (<100 Myr) compared to the brief timescale over which the stellar population was formed. Collapsars, by contrast, originate from the core collapse of very massive stars, within a few million years after star formation.
Finally, the observed growth with metallicity of the abundance of the r-process element europium as compared to iron in Galactic stars appears in tension with the main r-process source originating from a source population with the ∝t −1 delay time distribution expected for neutron-star mergers 15, 16 . However, we find that the observed europium versus iron evolution results naturally if the main r-process source directly tracks the star-formation rate (growth of α-abundances), as would a rare subset of core-collapse supernovae like collapsars (see Methods).
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The authors declare no competing interests. 34, 35 (EOS), which includes nuclei as ideal gas with Coulomb corrections, electrons and positrons with an arbitrary degree of relativity and degeneracy, and photons in local thermodynamic equilibrium. The set of nuclei employed in our simulations comprises free neutrons and protons, and α-particles, whose abundances at given rest-mass density ρ, temperature T and electron (or proton) fraction Y e are computed assuming nuclear statistical equilibrium. We include the nuclear binding energy release from α-particle formation, which plays an important role in setting the asymptotic velocities of unbound outflows 11 . The choice of the Helmholtz EOS also minimizes thermodynamic inconsistencies between the simulations and the post-processing of tracer particles with the nuclear-reaction network (see below).
Additional information
In order to investigate the accretion process of collapsar accretion disks, we perform three simulations-referred to as runs 1, 2 and 3-which capture the accretion process at different accretion rates, that is, at different stages and times following core collapse. Performing a global 3D simulation of the entire accretion process over the relevant timescales including the fallback material from the stellar envelope are currently computationally prohibitive at this level of physical detail.
Initial data are obtained by relaxing axisymmetric equilibrium torus configurations around a rotating black hole, with constant specific angular momentum, a small constant specific entropy s 0 = 8k B per baryon, and a constant electron fraction Y e,0 = 0.5 corresponding to equal numbers of protons and neutrons for the nearly symmetric matter of the collapsing progenitor star. Our results are not expected to be sensitive to the precise value of the initial entropy of the disk; its value is rapidly changed by turbulent heating and neutrino cooling, which come into balance for the highest accretion rates relevant to neutron-rich outflows 36 . The black hole (BH) has a mass M BH = 3M  , similar to those expected in collapsars, and dimensionless spin a = 0.8 as predicted by presupernova stellar models of collapsar progenitors (see model on mass fallback below). Runs 1, 2 and 3 correspond to initial torus masses of M t,0 = (0.02, 0.0016, 0.00016)M  , respectively. Weak magnetic seed fields are superimposed on the matter of the tori initially, defined by the vector potential A r = A θ = 0, and
−2 )p max , where p max is the pressure at maximum density in the respective torus. The parameter A b is adjusted such that the maximum magnetic-to-fluid pressure ratio in the tori is <5 × 10 for runs 1, 2 and 3, respectively, scaling the atmosphere density floor according to the decreasing maximum density of the tori. These atmosphere conditions are sufficiently cold and tenuous to impact neither the dynamics nor the composition of the disk outflows. We neglect any impact of the infalling star on the disk structure, motivated by the fact that, once the disk and outflows are established at the relatively late times of interest, the momentum flux of the disk outflows greatly exceed the ram pressure of the infalling stellar debris (see ram pressure of fallback material below). The relaxed, stationary state after 30 ms of evolution effectively serves as initial data for the simulations; this initial period as well as all material ejected from the tori during the first 30 ms is excluded from all further analysis. We perform simulations in fixed space-time and horizon-penetrating Kerr-Schild coordinates. The computational domain consists of a Cartesian grid hierarchy centred on the black hole with seven (runs 2 and 3) to eight (run 1) refinement levels that extend out to 11,400 km and 15,350 km in all coordinate directions, respectively. The initial tori are entirely contained by the corresponding finest refinement level, which has a resolution of Δ x,y,z = 856 m and a diameter of 240 km and 200 km for run 1 and runs 2 and 3, respectively. Simulations are performed in full 3D without imposing symmetries.
Detailed nucleosynthesis abundances of the outflows are obtained by conducting nuclear reaction network calculations on tracer particles with SkyNet 37 . The outflows are tracked by 10 4 passive tracer particles of equal mass, which are advected with the fluid and placed within the initial torus with a probability proportional to the conserved rest-mass density. Nuclear reaction network calculations are restricted to unbound outflows (ejecta), that is, material with a non-vanishing escape velocity at infinity according to the Bernoulli criterion. Absorption of neutrinos is treated as described in previous work 11 . We estimate uncertainties in the nucleosynthetic yields (Fig. 2) as the difference resulting from using the two different emission geometries defined in previous work 11 .
MHD turbulence, accretion rates, effective viscosity. Steady turbulent states of the disk are established in runs 1, 2 and 3 after t ≈ 30 ms (see Extended Data Fig. 1 ). MHD turbulence is generated by the magnetorotational instability (MRI) [38] [39] [40] [41] [42] , which is generally well resolved by at least 10 grid points per fastest-growing MRI wavelength (see Extended Data Fig. 1a) ; the latter can be estimated by [43] [44] [45] λ Ω ρ
where Ω = u φ /u 0 is the angular frequency (u μ being the four-velocity) and b is the comoving magnetic field strength. Extended Data Fig. 1b shows a 'butterfly' diagram based on the radially averaged y component of the magnetic field, indicating a fully operational dynamo and a steady turbulent state of the disk after about 20−30 ms. At this point in time, the magnetic field has been self-consistently amplified to a saturated value by the MRI, independent of the initial magnetic field strength; Extended Data Fig. 2a indicates convergence of the maximum magnetic field strength at our fiducial resolution (referred to as Δx; see details of simulations above). Performing these simulations in full 3D without imposing symmetries is critical, as the anti-dynamo theorem in axisymmetry 46 does not allow for a steady turbulent state. Such a steady turbulent state, however, is important, as the amount of material unbound in outflows and its composition is critically affected by the precise balance between viscous heating from MHD turbulence and neutrino cooling. This prevented previous studies related to MHD collapsar jets 47 from obtaining self-consistent initial data for r-process nucleosynthesis.
MHD turbulence mediates angular momentum transport, which, in turn, sets the accretion rate onto the BH. Extended Data for runs 1, 2 and 3, respectively, where the nominal values correspond to a time average between 40−100 ms, and where we bracket the uncertainties by the maximum and minimum accretion rate reached during that period. These accretion rates are indicated in Figs. 1, 2. The accretion rate and thus the release of gravitational binding energy is selfconsistently set by MHD turbulence in our simulations. We have verified this by performing an additional simulation which is otherwise identical to run 2, but starts with an initial magnetic field strength a few orders of magnitude smaller than the fiducial run, such that the subsequent amplification by the MRI cannot be captured (see Extended Data Fig. 2b ). The accretion rate in this additional run is roughly an order of magnitude smaller, indicating that MHD turbulence indeed determines the accretion rate.
MHD turbulence effectively acts as a large-scale viscosity that can be parametrized by the Shakura-Sunyaev viscosity coefficient α, which relates the accretion stress and the fluid pressure 48 . We estimate the radial profile of this parameter from our simulations according to
where p denotes the fluid pressure and T r,φ denotes the r-φ component of the stress-energy tensor in the frame comoving with the fluid. Here, 〈〉 t refers to a time-average over a few neighbouring simulation snapshots spanning a window of about 10 ms. We have defined the azimuthal average of a quantity χ by
where γ φφ is the φφ component of the metric tensor. Furthermore, we have introduced the rest-mass density average of a quantity χ over height z as a function of the cylindrical coordinate radius ϖ, defined by
is the conserved rest-mass density, with γ the determinant of the spatial metric γ ij and W the Lorentz factor. Here, we only integrate over the disk itself, defined by one scale height:
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Extended Data Fig. 4 shows the radial profiles of α eff for run 1 at different times during the evolution; the corresponding profiles for runs 2 and 3 are very similar. For all runs we typically find α eff ≈ 0.013, averaged in radius over the inner disk 27 km < r < 200 km, excluding the innermost region with a rise of α eff around the innermost stable circular orbit towards the horizon due to increased mean magnetic field strengths 49 . Ignition accretion rate and transition to a thin disk. For high accretion rates, the midplane of the disk is sufficiently dense that the rate of neutrino cooling becomes fast relative to the radial advection of thermal energy 36, 50, 51 . This transition to an efficiently neutrino-cooled disk occurs at radii outside those of the innermost stable circular orbit for accretion rates above a critical 'ignition' rate. The value of this critical accretion rate was previously estimated to be 52, 53 where α is the dimensionless Shakura-Sunyaev viscosity coefficient. Based on 1D steady-state disk models, the value of the prefactor K ign (a) was found 52 to be approximately 1.5 × 10 M  s −1 for a = 0.95. In the final line of equation (6) we have adopted a value K ign ≈ 6 × 10
M  s −1 appropriate for a ≈ 0.8. The lower entropy and geometrically thinner structure of neutrino-cooled disks results in a higher electron degeneracy, which is self-sustained, and which suppresses the number of positrons relative to their number under non-degenerate conditions. This, in turn, favours electron capture reactions on protons over the opposing reaction (positron captures on neutrons), driving the midplane composition to be neutron-rich, with electron fraction 9, 19 Y e ≈ 0. 1 naturally corresponds to the ignition threshold effect described above (equation (6)), given the effective value of α eff ≈ 0.013 inferred from our MHD simulations (Extended Data Fig. 4 ; see above). To our knowledge, the present study is the first to demonstrate the ignition threshold by means of self-consistent MHD simulations. Nickel disk winds at late times. At late stages in the collapsar evolution, the accretion rate decreases below a critical value ˙≈ − −  M M 10 s ign 3 1 (equation (6)) for a neutrino-cooled, neutron-rich disk. The winds at late times instead have a composition Y e ≈ 0.5 matching that of the progenitor star, making them a potential source 12,54 of 56 Ni, in addition to that produced during a prompt supernova explosion phase. At least several tenths of a solar mass of 56 Ni is needed to explain the luminosities of GRB supernovae 55, 56 . However, much of the outflowing material at these late times remains as 4 He instead of forming heavy isotopes. This is due to the relatively slow rate of the triple-α reaction bottleneck needed to create seed nuclei when Y e ≈ 0.5, as opposed to the faster neutron-aided reaction 4 He(αn, γ) 9 Be(α, n) 12 C that operates and results in extremely efficient seed nucleus formation in the disk outflows when .
Here, we perform a simple estimate of how the 56 Ni mass fraction in the disk wind varies with the accretion rate at late epochs, once    M M ign , which we then compare to our numerical results. Working within the framework of an α-disk model, we first estimate the mean temperature T m and density ρ m of the accretion flow. In the steady state, the surface density Σ = 2Hρ m of a disk at radii well outside the innermost stable orbit is given by˙ν , and H is the vertical scale height. Scaling radii to r g ≡ GM BH /c 2 : The entropy of radiation in the disk midplane (in units of k B per baryon) is then estimated to be . For Y e ≈ 0.5 the dominant destruction process of α-particles in the wind 57 is 4
He(α,γ) 12 C, such that the α-particle number fraction Y α in the outflow evolves as
where λ 3α (T) is the temperature-dependent triple-alpha rate coefficient and the factor of 14 comes from assuming α captures cease at 56 Ni. Defining a time variable dτ = −(τ d /3T)dT, where τ d is the expansion time of the wind around the point of α-particle formation, and then integrating over the triple-α rate, the final abundance of seed particles is
where s f is the final entropy in k B per baryon. Assuming that the seed particles are mostly within the iron peak (charge numbers 24 ≤ Z ≤ 28; see also Fig. 1 ) with an abundance pattern roughly similar to run 3, we can translate equation (13) are generally less than those required to explain the luminosities of GRB supernovae 59 , suggesting that most of the 56 Ni is instead produced by shock heating of the star during the early supernova explosion phase. The early ejection of 56 Ni, segregated from the late r-process production in disk winds, has important implications for the signatures of r-process elements in the supernova emission (see observational signatures below). Previous work on supernovae and collapsars as r-process sites. Most previous work on the r-process in core-collapse supernovae has focused on the neutrino-driven winds from the newly formed proto-neutron star, which cools and deleptonizes in the seconds to minutes following a successful explosion 60 . However, many works over the past twenty years have shown that such wind models encounter severe theoretical difficulties in achieving the requisite conditions of high entropy and low electron fraction needed for a successful second or third-peak r-process [60] [61] [62] [63] . A higher entropy may be possible in some cases where the neutron star is highly magnetized 64, 65 . However, even if a solution is found, the low predicted r-process yields of standard neutrino-wind models of about 10
M  per event are in conflict with a growing number of astrophysical and terrestrial observations that instead favour high-yield rare events as the main Galactic r-process sites 14, 66, 67 . Recent theoretical efforts have instead focused on the rare subset of corecollapse events that give birth to rapidly spinning and strongly magnetized proto-neutron stars, so-called MHD supernovae 24, 68, 69 . The rapid outwards acceleration in such winds by magneto-centrifugal effects can in principle result in the ejection of low-Y e material, resulting in an r-process even for moderate entropies. However, when consideration of the 3D stability of the magnetized jets that give rise to the fast-expanding neutron-rich ejecta in these systems are taken into account 70 , such events are challenged to eject sufficiently large quantities of heavy r-process nuclei 21, 71 . As in the winds from non-rotating proto-neutron stars, a main factor that prevents the escape of low-Y e material is irradiation of the outflowing matter by electron neutrinos from the proto-neutron star; the latter convert neutrons into protons via the reaction ν e + n → p + e − .
Nevertheless, such a 'proto-magnetar' is a necessary prerequisite to the black hole accretion phase in collapsar models 20 . One cannot therefore exclude that these earlier phases of the explosion could give rise to a weak r-process, or even a moderate quantity (
) of heavy r-process nuclei 21, 71 . However, as shown here, when fallback is sufficient to create a black hole surrounded by an accretion disk, then the early explosion/magnetar phase is likely to contribute only subdominantly relative to the disk accretion/outflow phase that follows over longer timescales of seconds to minutes and can eject up to about 1M  in heavy nucleosynthesis products.
Some works 47, [72] [73] [74] [75] have proposed that low-Y e conditions are achieved in the relativistic jets from collapsars, giving rise to a moderate quantity of r-process ejecta ( . − .
01 ). However, the simulations employed by these works assume the presence of large-scale ordered magnetic fields before and thus immediately following the initial collapse, that is, they are put in by hand as an additional assumption. They also assume axisymmetry and therefore do not properly capture the destabilizing effects of the non-axisymmetric kink instability 70 . Additionally, as a result of the anti-dynamo theorem 46 2D simulations also cannot self-consistently follow the growth of the magnetic field due to the MRI and thus obtain initial compositions and outflow masses for r-process nucleosynthesis that are not self-consistent. By contrast, the 3D GRMHD simulations presented here demonstrate that neutron-rich disk winds arise naturally from MRI-driven disks, as would be present even if the initial magnetic field of the progenitor star was (arbitrarily) weak. The disk winds we consider, which are driven largely by thermal pressure and α-particle formation, are therefore not strongly dependent of the presence of a large-scale ordered magnetic field. An ordered field, by providing stronger magneto-centrifugal acceleration, would only act to increase the quantity of low-Y e ejecta 10 . In summary, although MHD supernovae have been widely discussed previously as r-process sources, there are important differences from the scenario of latetime accretion disk outflows proposed here, which arguably make this mechanism more robust and important. First, the disk wind mechanism acts independently of two major uncertainties: (i) the initial strength and topology of the magnetic field in the stellar core; and (ii) the effect of neutrino absorption reaction on the electron fraction of the outgoing wind, which is much less pronounced after black hole formation than at early times when the proto-neutron star is still present and its neutrino luminosity is greatest. Second, the disk wind scenario, calibrated directly to observations of GW170817 (see rates of r-process production below), predicts a larger quantity of ejecta per event than even the most optimistic previous findings from the early supernova explosion phase. Last, as we show below (see observational signatures), the inevitable mixing of r-process material during the MHD supernova phase with the 56 Ni synthesized by the same explosion (see below), leads to predictions for the properties of GRB supernovae-the clearest examples of 'MHD supernovae' in nature-which are inconsistent with current observations. A wide range of observational evidence connects long duration GRBs with the hyper-energetic explosions of massive stars stripped of their outer hydrogen envelopes 59, 76 . The dynamics of the collapse to form a torus surrounded by an accretion shock, and its connection to the production of a successful relativistic GRB jet and supernova explosion, have been the focus of numerous analytical and numerical studies 54, [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] . The high optical luminosities of GRB supernovae are widely attributed to the radioactive decay of large quantities (about 0.2M  −0.6M  ) of 56 Ni synthesized in the explosion 56, 87 . These large 56 Ni masses could originate from the shock-heating of the ejecta by the hyper-energetic supernova explosion or GRB jet [88] [89] [90] [91] . Alternatively, it has been proposed 12,54 that hot outflows from the black hole accretion disk, such as those studied here, are also a potential source of 56 Ni. However, the precise isotopes that are synthesized in the disk outflows depend sensitively on the electron fraction; in particular, 56 Ni is only synthesized in relatively proton-rich ejecta with Y e > 0.495. The large 56 Ni yields previously reported 12 are probably a product of artificially fixing Y e = 0.5 in the simulations, rather than following the evolution of Y e under the influence of charged-current weak interactions in the electron-degenerate disk. Our simulations demonstrate that, when the accretion rate is sufficiently high (>10
; equation (6)), the midplane composition is driven to be neutron rich, .
e , within tens of gravitational radii from the black hole (Fig. 1) .
For lower accretion rates (<10
), we find that some 56 Ni is generated in the disk winds. This is because weak interactions are slower owing to the lower disk temperature, such that the electron fraction is not appreciably changed from the value Y e ≈ 0.5 inherited from the infalling star. As such low infall rates are only achieved at late times after collapse (well after the prompt GRB phase), by combining a range of models for collapsar accretion (see model on mass fallback below) with our estimate of the 56 Ni yield (see model for nickel winds at late times above), we find that at most a total of approximately 10
Ni ejecta could originate from late-time disk winds (Supplementary Table 1 ). This indicates that additional sources of 56 Ni, such as shock heating of the infalling progenitor core during the earliest stages in the explosion or GRB jet 91 , are required to produce most of the inferred 56 Ni in GRB supernovae. Our finding that a large fraction of the disk ejecta generates the r-process is consistent with previous numerical simulation work that focused on the context of binary neutron-star mergers [7] [8] [9] , which indeed was one motivation for this study. Some previous works, using steady-state wind models 17, 18 , found that collapsar disks mainly produce 56 Ni, owing to the outflowing matter experiencing a high rate of positron captures 17 or absorbing electron neutrinos generated from the disk 18 , while 1D disk models also led to the speculation about r-process production 13 . Other works finding the production of r-process material 92 had to assume extremely low initial electron fractions .
While we find that neutrinos play some role in raising Y e , the outflows of our fully time-dependent MHD simulations still have sufficiently low Y e < 0.5 for an r-process. A key difference between accretion disk outflows and purely neutrino-driven winds (for example, those from spherical proto-neutron stars) is that the latter start at effectively zero velocity from the base of the wind and are heated and unbound from the gravitational potential well exclusively by neutrinos themselves. By contrast, outflows from accretion disks are driven mainly by turbulent (or 'viscous') heating in the upper disk atmosphere 7, 9, 11 . Steady-state wind calculations that assume the matter accelerates smoothly starting from a disk midplane assumed to be hydrostatic at depth 17, 53 can therefore greatly overestimate the time matter spends in the non-degenerate regions and thus overestimate the impact of positron captures or neutrinos in raising the final electron fraction. True MRI-active accretion disks are nowhere hydrostatic, even in the midplane, and the unbound matter spends comparatively little time in non-degenerate regions of the disk before escaping to infinity.
Finally, we note that it has been alternatively postulated that long GRBs are powered by the electromagnetic spin-down of millisecond magnetars, rather than accreting black holes 68 . Although our observationally calibrated disk wind model is obviously predicated on the assumption that long GRBs are accretion-powered, our conclusions may also apply if the central compact object remains a neutron star. While at early times after the supernova, the high neutrino luminosity of the proto-neutron star can strongly raise the wind electron fraction and thus reduce its r-process yield 21, 71 , as the neutron star cools on a timescale of seconds and its neutrino luminosity drops, its effect on the wind properties as compared to the black hole case will diminish. On the other hand, if long GRBs are powered entirely by magnetar spin-down, with no accretion disk present, then the total r-process yields of long GRBs come entirely from the magnetar wind 93 and are likely to be substantially less than we predicted here. In this way, future constraints on r-process production in collapsars could also be used to test magnetar versus accretion-powered models for long GRBs. Model for the evolution of mass fall-back in collapsars. In order to translate the different ranges of accretion rates explored by our suite of numerical simulations into the physical conditions expected in collapsars, we model the fallback history of stellar material onto the accretion disk and the black hole similarly to previous work 82 . Using their equations (1)- (7) we obtain the mass fallback rates by numerically solving these equations for presupernova stellar models 94 ; one example is shown in Fig. 1a . We employ the radial angular velocity profiles provided in these models and assume rigid rotation on spherical shells, Ω(r, θ) = Ω(r), that is,
where j denotes specific angular momentum. A fraction of the stellar core may not have sufficient angular momentum to form an accretion disk and, instead, directly fall into the black hole. In particular, the initial black hole is formed by the innermost part of the pre-collapse star that circularizes inside the innermost stable circular orbit (ISCO) of a black hole corresponding to this amount of mass. The radius of this innermost part of the star is determined by the condition is the black hole spin parameter. Here J r denotes the total enclosed angular momentum, G is the gravitational constant, and c is the speed of light. Furthermore,
is the angular velocity of a Keplerian orbit around an object of mass M r . The ISCO is given by 95 Letter reSeArCH ISCO  2  2  1  1  2  1 2 where: We solve equations (15)- (20) numerically for the presupernova models to find the radius r ISCO of the presupernova core that forms the initial black hole, its mass M BH,in , the associated time since collapse t BH , and the critical mass fallback rate  M BH after/below which an accretion disk forms. For model E15, this regime is indicated in Fig. 1a (blue dotted line) . Only a limited time window exists within which the accretion flow can form a jet capable of generating a GRB similar to those observed (more specifically, GRBs used to derive our r-process production rate estimates, see below). The timescale τ  M fb over which the fallback rate  M fb changes increases with time, typically as a
, where α ≈ 1. More rigorously, we define:
Fallback accretion can only explain those GRBs observed as long as the evolution time of the fallback rate is smaller or equal to the typical time required to generate a GRB, that is,
We denote the time relative to collapse at which this equality τ τ =  M GRB fb is reached by t GRB . In order to generate a GRB at all, the stellar model must also have sufficient angular momentum to satisfy the condition:
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The observed duration of a GRB in the rest frame of the star, τ γ , is given by the difference of the engine time, τ GRB , and the time τ b required for the jet to drill through the stellar envelope 96, 97 : , and a typical observed GRB duration of τ γ = T 90 /(1 + z) = 9 s, where we used a characteristic 98 T 90 ≈ 27 s and redshift z ≈ 2, we deduce:
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The time range up to t GRB for model E15 is indicated in Fig. 1a (red dotted line). All models examined here are capable of powering a GRB according to the criterion of equation (22) . The fallback rate typically remains above the critical
ign ( Fig. 1 ; equation (6)) for the production of r-process elements throughout the GRB phase. We conclude that collapsar progenitors resulting in accretion flow properties which are consistent with those required to produce observed long GRBs also produce significant quantities of r-process wind ejecta.
Supplementary Table 1 shows the total amount of fallback material that is fed into unbound disk outflows during different epochs in accretion rate, which we have translated into different nucleosynthesis quantities based on the results of our numerical simulations (Figs. 1, 2) . Under the assumption that about 30% of the accreted mass is unbound in outflows (consistent with numerical simulations [9] [10] [11] ) we find that our models produce about 0.02M  −2M  in heavy r-process material, an additional ~0.03M  −0.4M  in light r-process material, and 0.002M  − 0.17M  in radioactive 56 Ni. The last may contribute in part to the supernova light curve, while the signatures of the r-process nuclei could largely be hidden until late times (see observational signatures below). Ram pressure of fallback material. In order to escape the disk, outflows must overcome the ram pressure of the infalling material from the stellar mantle,
BH is the free-fall velocity and ρ fb is determined by the mass falling onto the outflows per solid angle and unit time, dM fb,w /(dΩdt) = ρ fb r 2 v ff . The outflows produce a ram pressure
, where v w ≈ 0.1c is the wind speed and f w ≈ 0.3−0.4 is the fraction of matter inflowing through the inner few tens of gravitational radii of the black hole becoming unbound in winds [9] [10] [11] (see also model for mass fallback above). We assume these winds are channelled into an outflow at intermediate polar angles of about 30°−45°, outside of which inflows onto the black hole and the disk may still persist on timescales of interest 12 . Using our model for mass fallback (see below) we find that for typical presupernova stellar models the fraction of total fallback material M fb into this solid angle and into the innermost r ≤ 500 km of the accretion disk where most of the neutron-rich outflows are generated is typically f fb < 0.1. The criterion for successful outflows p w /p fb ≥ 1 then translates into: inferred from the LIGO/Virgo discovery 1 , and converting the latter to a per-galaxy rate, one obtains an r-process production rate in the Milky Way that is broadly consistent with that required to explain their abundances in our Galaxy and Solar System 4, 5, 16, 101 . However, being based on just a single event, the statistical errors on this estimate alone exceed an order of magnitude. Furthermore, several additional systematic uncertainties enter this estimate, such as the detailed star-formation history of the Milky Way 16 , as well as the exact quantity of ejecta in GW170817 (due to uncertainties in the nuclear heating rate 102 ) and details of the composition (for example, the relative abundance of light versus heavy r-process nuclei). Thus, although GW170817 resoundingly confirmed that neutron-star mergers are an important r-process site 4 , it does not prove they are the dominant one.
Given these still large uncertainties in absolute rate estimates, an arguably better approach is to compare the relative r-process contribution from collapsars to that of neutron-star mergers (though we also provide an absolute rate estimate for collapsars below). We assume that in both mergers and collapsars, a fixed fraction f 1 w of the mass which is flowing through the inner several gravitational radii of the accretion disk is unbound in winds as r-process nuclei, with the remaining fraction 1 − f w being accreted by the black hole and potentially used to power the GRB jet. The relative total contribution of collapsars versus mergers to the Solar System or present-day Galactic r-process can be roughly estimated from the ratio of the product of their volumetric rates ( ∫ R z z ( )d , integrated over cosmic time/ redshift) and the average amount of mass accreted in each event, respectively.
We make the further assumption that the accreted mass (and thus wind ejecta mass) is directly proportional to the radiated γ-ray energy, that is, that the energy radiated by the GRB jet is proportional to the total accreted mass, m acc . Although the physics that gives rise to the collimated relativistic outflows and γ-ray radiation is complex, we are only making the more limited assumption that the same physical processes operate in both types of bursts. This is motivated by the strikingly similar temporal and spectral properties of the prompt γ-ray emission in short and long GRBs 22, 103 . Although short GRBs show similar isotropic γ-ray luminosities to long GRBs, thus indicating similar black hole accretion rates (there is, however, an alternative proposition 104 ), their total isotropic γ-ray energies, E iso , are on average about 10 1.6 ≈ 40 times smaller than those of long GRBs 22, 103 , mainly due to their shorter average T 90 durations (about 0.2 s versus approximately 10 s, respectively).
Following the above method, the relative contributions of collapsars versus mergers to the r-process mass in the Galaxy, m r , may be crudely estimated by the ratio . This approximation gives a conservative lower limit on the ratio because the ratio of long to short GRBs increases with redshift; long GRBs approximately track star formation, which peaks at z ≈ 2−3, whereas short GRBs are consistent with a sizable delay time 105, 107 . This estimate suggests that collapsars could well contribute more total r-process production in the Galaxy than neutron-star mergers (that is, at least 80%; see Extended Data Fig. 6 for a schematic summary) , which is consistent with requirements to explain the late-time Galactic enrichment of europium versus iron (see below).
In addition to normal ('classical') long GRBs, there exists a class of 'low-luminosity' GRBs 108 (LLGRBs; luminosities L < 10 50 erg s
), which have much lower radiated γ-ray energies, produced by a less energetic central engine and/or a GRB jet that fails to successfully break out of the progenitor star. We note that the above rate estimate for GRBs does not include this class 106 . In fact, most GRB supernovae discovered in the local Universe are associated with LLGRBs 109 . Although the observed rate of LLGRBs is substantially higher than classical GRBs, their γ-ray beaming fraction may also be larger, such that their volumetric rate is at most only about 10−30 times larger. If LLGRBs are responsible for r-process production, then their required per-event r-process yield would thus be a factor of about 10 times less than those of the most energetic long GRBs. We also perform a rough absolute estimate of the r-process ejecta mass needed per collapsar in order to explain their Solar System abundances. Depending on whether one is considering abundances that extend in atomic mass number down to the first or second r-process peak, the solar mass fraction of r-process nuclei is X r = 4 × 10 −7 or 6 × 10
, respectively 110 (see Galactic chemical evolution below). The r-process mass per burst needed to explain the Solar System abundances is given by˙∫ is the volumetric rate of collapsar events, with f b being the long GRB beaming fraction, and V MW is the volume of Milky Way equivalent galaxies (see Galactic chemical evolution below). Furthermore, t Z denotes the characteristic time after which long GRBs no longer occur in the Milky Way owing to their suppression above a metallicity threshold (see below). If the rate of long GRBs tracks the star-formation rate, then the r-process mass per burst needed to explain the Solar System abundances may be very roughly approximated as 3 is the local star-formation rate 111 ,
−3 is a recent estimate of the long GRB beaming fraction 112 , and the prefactor ˙∫
Z is a conservative limit on the fraction of star formation in the Milky Way that occurred below the critical metallicity threshold required for collapsars (see below). As previous GRMHD simulations show that a fraction f w ≈ 0.3−0.4 of the matter inflowing through the inner few tens of gravitational radii of the black hole is unbound in winds [9] [10] [11] , we conclude that a total mass
r ,coll w must be accreted per collapsar to explain their Solar System abundances. This is well within the range predicted by theoretical models 12 ; see model for mass fallback above). The prefactor f Z < 1 in equation (28) accounts for the fact that host galaxy studies show that long GRBs may occur preferentially below a certain stellar metallicity 28 and thus may shut-off in recent Galactic history. It has been argued 113 that this 'metallicity threshold' is between 12 + log(O/H) < 8.64 and 12 + log(O/H) < 8.94, independent of redshift. While only a small fraction of the star formation occurs at such low metallicity in the local Universe, the fraction was higher at larger redshift. We can therefore obtain a lower bound on the value of f Z by looking at stellar metallicities at z = 0. Assuming that the local population of stars is representative of the entire population of stars in the Milky Way, we can employ survey data from the Apache Point Observatory Galactic Evolution Experiment (APOGEE) to roughly estimate the fraction of stars below the aforementioned oxygen thresholds. Extended Data Fig. 7 From this sample, we estimate that f Z is of order unity, f Z ≈ 0.23 and f Z ≈ 0.74 for the above thresholds, respectively, motivating a fiducial value f Z = 0.25 used in equation (28) . Observational signatures of r-process ejecta in GRB supernovae. The broadlined type Ic supernovae observed in conjunction with long GRBs 59 rise to their peak luminosities on timescales of a few weeks, roughly corresponding to the time required for radiation to diffuse out of the interior of the ejecta. The evolution of the supernova light curve depends at all epochs on the energy injected into the system by radioactivity, which sets the overall luminosity budget for the supernova, and on the opacity, which controls the diffusion of thermal radiation through the ejecta.
The introduction of r-process material in the ejecta has little impact on the radioactive energy supplied to the supernovae. The luminosities of broad-lined type Ic supernovae imply the synthesis of 56 between 0.2M  and 0.5M  of 56 Ni, comparable to the mass of r-process material our simulations suggest may be liberated from the collapsar accretion disk. However, as shown in Extended Data Fig. 8, the Fe dominates that from the decay of freshly synthesized r-process nuclei from around 1 day to several hundred days 115 , spanning the entirety of the supernova's photospheric phase. Heating from r-process decay is therefore a minor perturbation to the heating due to the 56 Ni decay chain, even if the mass of the r-processed outflow exceeds the mass of 56 Ni by a factor of several times. The high opacity of r-process material compared to elements found in a typical supernova composition has a much greater potential to impact the supernova's light curve and spectra. While the optical properties of the lighter r-process elements are similar to those of the iron-group elements 4, 116 that supply the bulk of the supernova opacity in traditional supernova models, a subset of the heavier r-process elements-in particular lanthanides and actinides-have a much higher opacity at wavelengths extending from the ultraviolet and optical out into the near infrared (NIR) 23 . The increased opacity inhibits the diffusion of radiation through the ejecta, producing dimmer bolometric light curves [117] [118] [119] . The enhanced opacity at optical wavelengths also pushes the emission of lanthanide-and actinide-rich compositions out to redder regions of the electromagnetic spectrum. Even a small amount of lanthanide or actinide contamination can have a substantial effect on the overall opacity of the material, and strongly impact the resulting transient emission. How effectively r-process material can be 'hidden' inside supernova ejecta is therefore sensitive to the mass of r-process material relative to the total ejecta mass, M ej , as well as its distribution within the ejecta cloud.
Although detailed hydrodynamic studies are needed to determine the precise distribution of r-process material and 56 Ni in the supernova ejecta, the two proposed scenarios by which GRB-supernovae may synthesize r-process material serve as instructive limiting cases. In MHD supernova models 71 , neutron-rich matter is ejected at high velocities during the supernova explosion phase. The mixing of this material with the 56 Ni synthesized as early shocks heat and explode the progenitor star is a seemingly inevitable feature of this model. In contrast, in our model, outflows from the accretion disk are delayed relative to the explosion, and naturally concentrate r-processed material at low velocities, interior to the location of the bulk of the 56 Ni, limiting the ability of the high-opacity r-process material to affect the supernova light curves and spectra.
To understand the effect of these differences on supernova observables, we carried out radiation transport simulations for models of broad-line type Ic supernovae with different patterns of r-process enrichment. In the model corresponding to the MHD supernova scenario, 0.025M  of r-process material is mixed uniformly through the ejecta out to a velocity of 0.15c, then tapers smoothly to zero over 0.1c < v < 0.18c. The distribution of 56 Ni tracks the r-process matter, but is scaled up by a factor of ten so that M 56 = 0.25M  . The collapsar disk wind model contains a much higher mass of r-process material (0.25M  ) but concentrates it in the centre of the ejecta, at v < 0.015c. Exterior to the embedded r-process core, 0.25M  of 56 Ni is distributed uniformly out to v = 0.15c.
Radiation transport calculations were carried out using the time-dependent Monte Carlo LTE radiation transport code SEDONA 120 on a 1D grid that extends to a maximum velocity v = 0.2c. Both models had a total ejecta mass M ej = 2.5M  , a kinetic energy of 6.7 × 10 51 erg, and
Ni. We adopted as our density profile the polar angle-averaged density profile of a 2D broad-line type Ic supernova model 91 , with the composition of the stellar progenitor. We assume that the supernova explosion mixes r-process matter and/or 56 Ni into the ejecta, but does not change the relative abundances of the non-radioactive species present in the progenitor.
The atomic data for calculating the bound-bound opacity of non-lanthanide species is taken from previous work 121 . Synthetic data for the ions of the lanthanide neodymium (Nd) was determined using atomic structure calculations as previously described 23, 117 . We use a simplified composition to stand in for the full range of r-process elements and boost the lanthanide opacity accordingly, following the procedure previously outlined 117 . The disk winds are assumed to contain 3% lanthanides and actinides and 29% light r-process (d-block) elements by mass, with the remainder composed of a low-opacity filler. Radioactivity from the 56 Ni decay chain takes the form of γ-rays, which are explicitly propagated through the ejecta, and positrons, which are assumed to thermalize instantaneously. Since even energetic supernovae have ejecta that are dense compared to a typical kilonova, we assume that the radioactive energy from r-process decay has a thermalization efficiency comparable to that of the denser (more massive/slower) kilonova models previously studied 102 . The synthetic light curves and spectral snapshots for the two models are presented in Fig. 3 . As expected, the effects of r-process material on the supernova observables is strongly dependent on the degree of mixing. Even though the collapsar wind model contains ten times more r-process matter by mass than the MHD supernova model, the impact of the r-process is much more dramatic in the latter.
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Whereas the bolometric light curve for the collapsar wind model generally conforms to those of observed broad-line type Ic supernovae, the light curve of the MHD supernova model is dimmer, and exhibits an extended plateau rather than a clearly defined peak. Differences are also apparent in the spectral energy distribution (SED) of the two models. Relative to the collapsar wind model, the emission of the MHD supernova model is shifted away from the blue and optical bands, and into the NIR. This is due to the high opacity of the lanthanide-polluted ejecta, which inhibits the diffusion of optical photons and redistributes radiation to redder wavelengths.
In the collapsar wind model, the high-opacity material is interior to the 56 Ni, and only the thermal energy associated with r-process decay is reprocessed as described above. Since r-process radioactivity represents just a small fraction of the total radioactivity at times from t ≈ 1 day to t ≈ 1 year for models with M rp ≈ M 56 , the effects on the light curve and spectra in this case are minor. The spectra of the collapsar wind model look fairly typical of broad-line type Ic supernovae out to t > 1 month. Even beyond this point, the energy emitted with λ > 10,000 Å is minimal. In contrast, in the MHD supernova model, the thermal energy produced by 56 Ni-and 56 Co-decay is also processed through high-opacity ejecta and reddened. As a result, the effects of high-opacity r-process material manifest even before the light curve peaks; by t = 45 days, the spectrum has lost any identifiable features of a supernova.
The emission of any supernova that generates comparable amounts of r-process material and 56 Ni will eventually be dominated by its r-process component, as the energy generated from r-process decay dominates that from the decay of 56 Ni/ 56 Co on very long timescales (more than a few hundred days). Systems that undergo a minimal amount of mixing, such that some of the r-process material is 'backlit' by the decay of 56 Ni and 56 Co, may exhibit r-process features sooner. Regardless of the exact degree of mixing, signs of the r-process will eventually appear, either in the late photospheric or the nebular phase. Late-time observations can therefore probe the production of r-process elements in GRB-supernovae.
Relatively few NIR spectra are available for GRB supernovae, in part because emission from the non-thermal GRB afterglow dominates the NIR bands. This is particularly true of the most powerful GRB jets (classical/cosmological GRBs), which in our disk wind r-process scenario might be associated with the greatest yield of r-process elements and thus the most conspicuous spectral features. For instance, NIR spectra of the supernova that accompanied GRB 100316D were taken 122 out to 30 days, and showed no clear NIR excess indicative of r-process material. In addition, our centrally concentrated r-process spectral models in Fig. 3 show that such features can be hidden to at least t 65days . However, GRB 100316D belongs to the class of low-luminosity GRBs (LLGRBs; see above discussion under rates of Galactic r-process production) and the radiated γ-ray energy was much lower than those of cosmological long GRBs, which are the focus of this paper. Since the per-event rate of r-process material in LLGRBs would be a factor of about 10 times less than those of cosmological GRBs (see above), constraints from light curves and spectra of LLGRBs on our model will be less stringent, and late-time data on cosmological GRBs will be needed.
Although other effects may also cause late-time NIR excess, the presence of r-process material may be inferred with higher certainty in combination with spectra. Future late-time optical/NIR observations of neutron-star mergers (a 'pure' r-process source), will reveal the dominant r-process emission lines and spectral features of r-process materials. These can then be sought in late-time or nebular spectra of particularly nearby GRB-supernovae. Future instruments with greater sensitivity, such as the James Webb Space Telescope 123, 124 , will allow a more comprehensive survey of these events' late-time NIR emission. Galactic chemical evolution. In order to explore the implications of r-process enrichment due to collapsars for Galactic chemical evolution, we have developed a simple one-zone Galactic model, similar to previous models 16, 125 . Although a one-zone model is inadequate for describing early phases in the Galactic chemical evolution, when hierarchical structure growth and incomplete mixing greatly complicate the picture 25, 26, [126] [127] [128] [129] [130] , here we instead focus on the late-time chemical evolution, when the homogeneous approximation is well motivated. We assume that the abundances of α-elements (such as magnesium) and europium trace the histories of core-collapse supernovae and r-process production 131, 132 , respectively. We assume that the [Eu/Fe] abundances are the result of the combined enrichment processes by neutron-star mergers and core-collapse supernovae. Both core-collapse supernovae and type Ia supernovae contribute to the iron abundance distribution. As usual, we adopt the definition [
where N X and N Y denote the number densities of elements X and Y, respectively, and where  refers to the proto-solar value, that is, to the solar value at the time of formation of the Sun 4.568 Gyr ago.
We assume that the Galactic star-formation history follows the cosmic starformation history Our conclusions are largely independent of the assumed star-formation history; we reach similar conclusions for drastically different star-formation histories, for example, a constant star-formation history, ρ = z ( ) constant SF . The rates of core-collapse supernovae (CCSN) and collapsar events are assumed to follow the star-formation history with negligible time delay, while type Ia supernovae (SNIa) and neutron star (NS) mergers are assumed to follow with significant time delay: . While the results for chemical evolution are somewhat dependent on this normalization, further motivation arises from the fact that the model discussed here must reproduce solar metallicity 4.6 Gyr ago. In order to relate cosmic time t to redshift, we assume a cosmic concordance cosmology with parameters (Ω M , is the rate of local long GRBs 106 and f b ≈ 5 × 10 −3 is the beaming fraction 112 ; this does not include the separate class of low-luminosity GRBs, which are not the focus of our argument here (see also above discussion under rates of r-process production). We explore different t min,SNIa between 40 Myr and 1 Gyr and fix b SNIa = 1.0 to the observationally inferred value 136 . For each choice of the minimum delay time, we calibrate c SNIa to the Hubble-time integrated type Ia supernova production efficiency of (1.3 ± 0.1) × 10 −3 per M  of stellar mass formed 136 . Furthermore, we fix t min,NS = 20 Myr and b NS = 1.0 as inferred from observations of the redshift distribution and peak flux of short GRBs 105 as well as from population synthesis modelling 137, 138 . We tune c NS such that R NS (z = 0) corresponds to the local rate of binary neutron star mergers inferred from LIGO/Virgo . Using the aforementioned assumptions, the evolution of certain chemical elements in the interstellar medium can be written as Here, M X and m X denote the total mass of element X in the interstellar medium and the mass of element X produced in each event type, respectively. We employ the observationally inferred values m Mg = 0.12M  per event, m Fe,CCSNe = 0.074M  per event and m Fe,SNIa = 0.7M  per event 136 , which are consistent with the choice of delay time distributions and cosmic star-formation history used here. Regarding the production of europium in neutron-star mergers, we employ the observational value of m r,NS ≈ 0.05M  based on the total r-process production inferred from the GW170817 kilonova 5, 139 and assume that this is a representative amount for all neutron-star mergers. This value is consistent with outflows from the remnant accretion disk [9] [10] [11] . According to our estimate in equation (26), the amount of Letter reSeArCH r-process material ejected by collapsars is higher by a factor of about 10, and thus we set m r,coll = 0.5M  .
In translating the total r-process mass m r into the europium mass per event, m Eu , we assume the solar abundance distribution of r-process elements 110 starting at mass number A = 69. Note that for the solar r-process abundance pattern and this choice of minimum atomic mass number, the lanthanide mass fraction of the ejecta is consistent with that inferred 4 for the red kilonova of GW170817. The function f(t) in equations (35)-(37) represents the mass-loss rate due to star formation and Galactic outflow, which we specify as in previous work 16 . We introduce an additional factor 0 < f NS < 1 in equation (37) which is degenerate with the neutron-star merger rate, in order to explore smaller merger rates within the large observational error bars and to account for the fact that not all neutron-star mergers contribute equally to r-process enrichment of the Galaxy (for example, due to their natal kicks); we employ a fiducial value of f NS ≈ 0.5. Finally, we introduce a collapsar cutoff factor f Z,cut (t) that accounts for the fact that collapsar events only occurred below a certain metallicity threshold in our Galaxy (see rates of r-process production above; Extended Data Fig. 7) . It smoothly interpolates between unity and zero in-between 12 + log(O/H) = 8.64 and 12 + log(O/H) = 8.94 (see rates of r-process production above).
Extended Data Fig. 9 compares the model predictions with observational data of stars from the Stellar Abundances for Galactic Archaeology (SAGA) database 140 (http://sagadatabase.jp). Although we show evolution across the entire metallicity range, we focus on the late-time evolution [Fe/H] > −1, as noted above. For this purpose, we specifically highlight observational Eu data obtained for stars in the Galactic disk As shown in Extended Data Fig. 9c , such a decline is difficult to obtain if only neutron-star mergers contribute to r-process nucleosynthesis, independent of the assumed star-formation history 15, 16, 141 . The fact that the evolution of [Eu/Fe] is much shallower than [Mg/Fe] or even increasing for comparable minimum delay times of type Ia supernovae and mergers is a result of mergers being delayed relative to star formation by a delay time distribution ∝t −1
. Such a flat or even increasing [Eu/Fe] evolution for [Fe/H] > −1 is thus a generic feature for merger-only r-process scenarios. Although much steeper slopes of the neutron-star merger delay time distribution ∝t −2 would alleviate this problem 15, 16, 141 , they would be inconsistent with values derived from observations of the redshift distribution of short GRBs 142 and population synthesis models 105, 137 . The observed mean [Eu/Fe] evolution at [Fe/H] > −1 can be obtained more naturally if collapsars contribute to r-process element production (compare Extended Data Fig. 9 ). The fact that a population of r-process enrichment events follows the star-formation history more closely results in a knee in the [Eu/Fe] evolution similar to that of α elements (if the overall r-process contribution is dominant), which necessarily leads to a decline of [Eu/Fe] at late times. This point is illustrated in more detail in Extended Data Fig. 10 , which shows scenarios for varying relative contributions of neutron-star mergers and collapsars to the total r-process element production in the Galaxy. The neutron-star merger contribution is altered by renormalizing the neutron-star merger rates, tuning f NS R NS (z = 0) (compare equation (37) ) by a factor between 0.3 and 100. All scenarios produce sufficient r-process material to explain the total amount of r-process material in the Galaxy, which can be roughly estimated to about 2.6 × 10 M  and a mean r-process abundance of stars in the Galactic disk (for A ≥ 69) similar to the solar value 132 . A best fit to the mean abundances is obtained if collapsars contribute well over half of the total Galactic r-process material (red and purple lines in Extended Data Fig. 10 ).
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